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Abstract 
The use of cross-linked polyethylene (XLPE) cables for High Voltage Alternating Current (HVAC) transmission has been 
successful in the world. However polymer insulated cables for High Voltage Direct Current (HVDC) transmission are still in 
development due to space charge build-up that occurs in cables under DC stress. Knowledge must be gained on the processes of 
charge build-up, including nature, kinetics and amount of accumulated charges, and on the consequences of charge accumulation 
regarding field distribution in the insulation. One way to determine the space charge distribution in XLPE cables for HVDC 
transmission non-destructively is the Pulse Electro Acoustic (PEA) method, a direct method for measuring space charge 
distribution in dielectric materials. The PEA method was chosen because it is suitable for a wide range of sample geometry (thin 
and thick samples), and is available for cable geometry. The present contribution concerns space charge distribution 
measurements in sections of HVDC model cables. To account for the situation of cables in service, measurements were 
performed with a temperature gradient across the insulation thickness, and this could be achieved by heating through the cable 
conductor. Measurements performed on XLPE insulated model cables with 4.5 mm insulation thickness were realized with -40 
kV DC applied for 150 minutes. Injecting a current of 200A in the conductor produced theoretically a temperature gradient of 
8°C between the core and the outer face of the cable, with a surface temperature of the cable of 50°C. A deconvolution 
procedure, wherein attenuation, dispersion and cylindrical geometry are accounted for, was used to recover space charge profiles 
at different times under stress. It is shown that considerable field redistribution occurs within the cable, compared to the 
Laplacian field distribution predicted in cylindrical geometry, due in part to the conductivity gradient associated with the thermal 
gradient, and for the other part to charge build-up occurring within the cable. 
© 2013 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the Faculty of Information Science and Technology, Universiti Kebangsaan 
Malaysia. 
* Corresponding author. Tel.: +62-85722887922; fax: +62-21-7221330. 
E-mail address: anikko@pln.co.id 
Available online at www.sciencedirect.com
 013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
l cti   r s i ilit of the Faculty of Information Science & Technology, Universiti Kebangsaan 
alaysia.
328   A.R.A. Raja et al. /  Procedia Technology  11 ( 2013 )  327 – 333 
Keywords : XLPE cable;  HVDC;  PEA;  Space charge; Temperature gradient. 
 
1. Introduction 
At the present time, transmission and distribution of electricity, especially in urban areas, are using underground 
power cables. Power plants and load centers are growing in numbers and will be more efficient when they are 
connected using DC power transmission system for multiple reasons. First because, DC power transmission enables 
to connect several asynchronous powers plants altogether to obtain an efficient electrical system. Second, DC 
transmission line construction is simpler than the AC system since three conductors at least is required for AC 
system while DC transmission needs only one. At the same time it reduces power losses through Joule effect by 
reducing conductor length and therefore the mean resistance of cable core. Moreover, solid state semiconductor 
devices used as convertors ensure the rapidity and therefore the stability of HVDC systems. 
Use of synthetic (polymer) insulated cables in this case is preferable because it is regarded as the most 
environmentally friendly. Insulating electrical properties, such as conductivity and breakdown strength, are affected 
by the presence of the space charge in the insulating material [1]. This applies especially when dielectric materials 
are stressed under DC voltage. Accumulation of space charge within the polymeric HVDC cable insulation results in 
electric field distortion inducing local stress enhancement causing a premature insulation failure when the 
breakdown field is exceeded [2]. Further, under DC stress, polymeric cable behaves more like a resistor than a 
capacitor since a current (of an order 10-10 and 10-7A/m2 at 20°C and 50°C respectively, under 10 kV/mm for cross-
linked polyethylene –XLPE- material) is flowing across the cable insulation. Thus, the steady state stress 
distribution is partly (under ohmic regime) determined, through its resistivity, by the temperature distribution within 
the cable. However, the effect of temperature gradient with the occurrence of various mechanism of charge 
generation such as electrode injection, electro-dissociation at higher field makes it difficult to predict the final stress 
distribution.   
   Therefore, understanding of the space charge formation in polymeric cable insulation during time of stress on 
the high voltage DC requires the need of accurate measuring system. The PEA method was chosen because it is 
suitable for a wide range of sample geometry (thin and thick samples), and is available for cable geometry [3]. In 
this paper, the PEA technique is used to measure space charge in XLPE model cables of 4.5 mm insulation 
thickness. Tests with the pulsed electroacoustic –PEA- method have been implemented under -40 kV voltage for 
150 minutes by injecting a current up to 200 A on the cable so that the temperature of the cable surface was up to 
50°C. Space charge and field distribution that occur in cable insulation will be shown and discussed. 
2. PEA Method for Cable 
PEA method is a technique dedicated to measure space charge density distribution as a function of time in the 
insulating polymer during volt-on and volt-off. The set-up has been developed first for flat polymeric samples and 
afterward has been adapted for cable geometry. This method consists in applying a voltage pulse as perturbation 
across the sample which generates acoustic force from the interaction with the electrostatic stress (induced by space 
charge) [4].  
In this paper the PEA method is used to measure the space charge within the cable insulation with a thickness of 
4.5 mm. Cable samples consist of conductor, inner semiconductor, insulation and outer semiconductor. A cross-
section of such a cable is represented in Fig. 1.  
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Fig. 1:  Cross-section of the Medium Voltage cable used as the object [5]. 
3. Experimental set-up 
3.1 PEA Hardware 
The PEA cable test set-up is schematically represented in Fig. 2. DC voltage is applied between the cable 
conductor and earth through a resistor. The outer semi-conductor is removed from the cable around the high voltage 
electrode to prevent electrical discharges. Cable is maintained at the same position and pressure inside the PEA cell 
using cable holder to ensure a good acoustic contact between outer semiconductor and measuring electrode.  
Pulse voltage is injected on the measurement part through outer semi-conductor by using the cable as a 
decoupling capacitor. A pulse generator providing voltage pulses of 50ns width, up to 5kV peak and up to 10kHz 
repetition rate was used. For the current measurements, operating voltage of pulse generator was set at 1 kV and its 
frequency was set at 5 kHz. Acoustic waves are converted to electric signal through a piezoelectric sensor. A Digital 
Storage Oscilloscope (DSO) is used for signal acquisition and processing.  
 
Fig. 2: Schematic representation of  PEA cable test set-up [5]. 
3.2 Temperature control 
For measurements above room temperature, a current of 200A was injected in the conductor by using a current 
transformer. The time dependence of the surface temperature of the cable is shown in Fig. 3. After 100 minutes of 
current injection, the cable surface temperature was stabilized at 50oC.  
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Fig. 3:  Cable surface temperature profile with a current of 200 A injected in the conductor. 
 
At the steady state, the temperature difference between the cable core and the external semiconductor surface 
depends on the thermal resistance Rcable and the power of the heat generated at the cable core by Joule heating as :  
 
െ ൌ 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 (1)  
 
where Rcable is the cable thermal resistance and PJ is the heat power released by Joule effect. For of cable section of 
length L, the thermal resistivity is given by the following formula:  
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where rscE, rcond are respectively the external and the internal radius. OXLPE  is the thermal conductivity of XLPE 
(taken to 34 W.K-1).  
Expressing the Joule power using the current and the electrical resistance of the cable core, the temperature of 
the core can be expressed as follow:  
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where RL is the electrical resistivity per unit of length of the cable core and I is the amperage circulating in the cable 
core. The electrical resistivity RL is temperature-dependent and increases with the temperature of the cable core 
through the following formula:  
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where 
T0 = room temperature = 23°C 
α = temperature coefficient = 3.9∙10-3K-1 
RL = 3.87∙10-4  :.m-1 for the actual cable; 
 
Combining  (3) and (4), the temperature of the core can be estimated from the temperature measured at the 
surface of the cable and the magnitude of the injected current. Hence, when the temperature at cable surface is 50°C 
and the current is 200 A, the temperature of the conductor (Tin) is about 58°C.  
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4. Space Charge Measurement 
4.1 Experimental Procedure  
Signal from DSO does not represent space charge profile since acoustic wave is distorted by the propagation 
effect and the set-up response. Thus, PEA raw signals need to be processed first to obtain pure space charge 
distribution and electric field within XLPE cable insulation. Space charge recovery from raw PEA signal is known 
as deconvolution procedure [5].  
 
4.1.1 Calibration procedure  
Once the temperature is stable at 50°C the calibration procedure is performed in two steps, i.e. without DC 
voltage and with 20 kV DC voltage applied. The former is removed from the second one to get rid of electrostrictive 
response due to voltage pulses. Fig. 4 shows an example of calibration signal. The two peaks (blue and red) 
represent the responses of capacitive surface charges from the electrodes. PEA signals are averaged for 200s to 
reduce the level of noise. The system transfer function, encompassing the cable and the set-up response, is derived 
from the calibration signal.  
 
Fig. 4: Calibration signal recorded with 20kV DC stress.  
4.1.2 DC measurement  
Upon completion of calibration, the cable has been stressed under -40kV DC voltage for 150 minutes. PEA 
profiles were recorded every 200s along the measurement duration.  
 
4.2 Results and discussion  
 
Fig. 5 shows the cartography of space charge density under -40kV DC voltage for 150 minutes. Space charges 
are represented through a color code (blue and red for negative and positive charges respectively) that enables 
visualizing its evolution along the cable radius versus time. The negative voltage was applied to the conductor 
(cathode, to the bottom). During the first minutes of polarization, positive charges accumulate adjacent to the 
cathode. Then, negative charges are progressively injected at the cathode forming homocharges. Positive charges 
which are possibly injected at the anode are also observed throughout the polarization procedure.  
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Fig. 5:  Mapping of space charge density (C/m3) on XLPE cable as a function of time under stress. Charge density (in C/m³) are given in the color 
bar to the right. Bottom = cathode (cable conductor), top = anode (outer part of the insulation). 
In Fig. 6 are represented the profiles of electric field at four different times. After 200s, the highest field is 
located at the inner electrode due to the presence of positive heterocharges. Then, due to homocharges build-up the 
field decreases at the electrodes and increases in the bulk of insulation. The evolution of electric field at different 
positions in the cable insulation (close to the electrodes  and in the bulk) is shown in Fig. 7. The magnitude of the 
electric field at the inner electrode (5.2 mm) is decreasing and seems to reach a steady state value (about 5kV/mm) 
after 7000s of polarization. At the outer electrode (9.5mm), the field decreases during the first 200s of polarization 
then slowly increases in magnitude. In the insulation bulk (7.5mm) electric field is increasing and reaches a value of 
about 11 kV/mm at the end of polarization with the same kinetic as that at the inner electrode. The results show that 
the field distribution is inverted compared to what could be expected from the Laplacian field in isothermal 
conditions. Due to the resistive grading of the field, the maximum field is at the outer electrode even though only a 
moderate temperature gradient (8°C) was applied to the cable. Studies are on the way to discriminate the 
contributions to this actual field distribution issued from temperature dependence of conductivity on the one end and 
from space charge trapping in the material. 
 
 
Fig. 6:  Electric field profile at 4 different times under stress. Cathode (inner conductor) to the left.  
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Fig. 7: Electric field evolution in time for different positions in the cable insulation. 
5. Conclusion  
PEA method is well proven method to be used for measuring space charges and electric field distribution in 
HVDC cable insulation. Profiles of the space charges and electric field in the cable insulation can be as a function of 
time with a good time resolution. The results can be used to determine the magnitude of the electric fields in the 
cable’s weak spots which can be useful to understand the condition of cable aging and to evaluate the risk of 
disruption that could occur on the cable. 
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